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A B S T R A C T
In this work, zein, a by-product of the agricultural industry of corn, was used to impart hydrophobicity and
antimicrobial activity to textiles. The cotton textiles were functionalized with zein in two different forms, free or
as particles. The optimized coating conditions which rendered the highest hydrophobic character to the textiles
were found to be 50 g/L zein in the free form prepared with 70% ethanol. To enhance the antimicrobial activity
of the coated textiles, ellagic acid was encapsulated into the zein particles. These presented stable diameters,
between 300 and 450 nm, and positive surface charge revealing high encapsulation efficiency. After textiles
coating, the controlled release of ellagic acid was tested against different mimetic biologic solutions. The release
profile was dependent on the ethanol concentration, on the sweat solution pH and on the external media used
during dialysis. The functionalized textiles revealed differentiated antimicrobial activity against Escherichia coli
(Gram-negative) and Staphylococcus aureus (Gram-positive). For E. coli the activity was mainly related with the
action of zein while for S. aureus a combined effect between the protein and the ellagic acid was observed. The
results herein presented pave the way for the development of new zein-based products for a wide range of
applications.
1. Introduction
The advancement of the Textile Industry has been leading to the
development of new technologies aiming to add specific functions and
properties to textiles. These new technologies are focused on textile
coloration improvement, digital printing and smart and functional
textiles development [1,2].
The use of biomaterials and nanotechnologies are strategical in-
novative options to produce advanced added value multifunctional
textile materials through their surface modification [3,4]. Hydro-
phobicity is one of the most desired properties on industrial applica-
tions and for this reason several strategies have been undertaken to
develop hydrophobic and super hydrophobic textiles. Hydrophobic
surfaces have less surface energy, which reduces the bacterial capacity
to adhere and proliferate in the materials [5,6]. For example, the hy-
drophobic functionalization of cotton-based textiles has been achieved
through a non-fluorinated sol–gel method by crystalline suspension of
titanium oxide. The results referred a marked hydrophobic behavior of
functionalized cotton textiles preserving the hand feeling of the treated
textiles, i.e. softness and smoothness [5]. In other study, textile surfaces
were coated via layer-by-layer deposition of poly-L-lysine and carnauba
wax particles. The combination of multiscale roughness and low surface
energy of wax colloids resulted in long-lasting hydrophobicity on cotton
surface already after two bilayers. The results showed the potential of
the use of natural materials in textiles modification [7]. Also, super-
hydrophobic behavior (water contact angle> 150°) has been studied in
order to develop superhydrophobic surfaces, which may be applied to
control protein adsorption, cell interaction and bacterial growthas well
as drug delivery systems [8,9]. Despite all the benefits described for the
hydrophobic surfaces, their production is still based on the use of sev-
eral hazardous chemicals requiring high-energy methods [10,11].
Textile materials are susceptible to degradation by microbial action
which can be manifested in several ways, being the most common and
least burdensome the formation of unpleasant odors [12]. Moreover, it
can also lead to the degradation of their mechanical properties, deco-
lorization and potentiate the appearance of dermal infections and al-
lergic reactions in the textile users [13]. Textiles imparting anti-
microbial properties must fulfill standard specifications which have
been provided by the development of new coating technologies, re-
placing the traditional methods, ensuring that the properties and the
quality of the final products are maintained [14]. Antimicrobial cotton
textiles were developed by using a formulation of butanetetracarboxylic
acid (BTCA) and chitosan. The results showed that after 10 washes the
textiles entailed antimicrobial activity for bacteria and yeast, and
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maintained their physical properties [15]. Other approach for cotton
textiles antimicrobial functionalization was also tested. Drug-loaded
microspheres of bovine serum albumin (BSA) and casein were devel-
oped, by a fast sonochemical method, and applied onto cotton surfaces.
The results showed that protein treated textiles may be applied as an-
timicrobial agents [16].
Together with coating functionalization, the application of nano-
particles to impart hydrophobicity and antimicrobial properties to the
textiles has been explored. The nanoparticles present higher specificity
and the functionalization of the textiles can be achieved by several
techniques like sol-gel and layer-by-layer deposition [17,18]. However,
despite the great potential of these systems, the textiles functionaliza-
tion using protein complexes is still poorly explored [19]. Nevertheless,
in a recent study antimicrobial cotton wound dressings were developed
through coating with pH-responsive human serum albumin/silk fibroin
nanocapsules loaded with eugenol. The coated textiles inhibit Staphy-
lococcus aureus and Escherichia coli growth [20]. Also, silver-based
materials, due to their recognized antimicrobial activity, have been
explored for textiles functionalization. A study regarding its application
as wound dressing referred it as an effective alternative to antibiotics in
wound infection management, working as a barrier to microorganisms.
Moreover, the application of silver-based nanomaterials coupled with
biopolymers for wound healing, showed positive outcomes in in vivo
studies and offer an opportunity to overcome some industry drawbacks
[21].
The intrinsic properties of hydrophobic proteins, like zein, make
them potential agents for the functionalization of textiles to impart
specific functions, namely hydrophobicity and antimicrobial activity.
This protein has already demonstrated, by combining zein micro- and
nanofibers, potentiality to produce functionalized cotton textiles for air
filtration [22].
In this work, we choose zein to produce hydrophobic and anti-
microbial textiles through an eco-friendly and economic approach. Zein
is a prolamine obtained from corn gluten flour through solvent ex-
traction methods and is rich in glutamic acid, leucine, proline and
alanine [23,24]. Its properties such as biodegradability, biocompat-
ibility, abundance, hydrophobicity and its ability to form films and fi-
bers, make this protein a promising biopolymer for several applications
[23], [25,26]. Zein has inherent hydrophobicity due to the high pro-
portions of non-polar amino acid residues (more than 50% of total
amino acid content), exhibiting a helical structure, composed of nine
homologous anti-parallel repetition units, stabilized by hydrogen bonds
[24,27]. The amphiphilic character of zein governs the formation of
reversible macromolecular micelles, when this protein is in aqueous
solutions with different polarity [28].
Although this protein is not used for human consumption, due to its
negative nitrogen balance and low water solubility, it can be easily
applied in the development of several applications [26,29]. Zein's
transformation into films can be obtained by interactions with other
materials by thermochemical cross-linking or by self-assembly. The
result is a resistant, hydrophobic, biodegradable and safe material with
antimicrobial properties [30,31]. Zein-based films, formed by self-as-
sembly with solvent evaporation and electrostatic interactions, are re-
ferred as a potential material for food sector, as a biodegradable and
eco-friendly coating agent which protects the contents from microbial
degradation and enables the incorporation of antimicrobial compounds
[32,33]. Despite that, its application on the textile field is still limited to
the development of functional textiles based on zein nanofibers [34].
In this work, we explored the zein properties for the development of
hydrophobic and antimicrobial functional textiles, by coating of textiles
using two different approaches: zein in the free form or in the form of
particles. To increment the antimicrobial properties of zein [35,36],
ellagic acid, a known antimicrobial agent [37,38], was encapsulated
into the zein particles. To validate this technology, the textiles' hydro-
phobicity was evaluated by water drop absorption and contact angle.
The coating was confirmed by scanning electron microscopy (SEM) and
thermogravimetric analysis (TGA). The physio-chemical properties of
the zein particles were evaluated by dynamic light scattering (DLS). The
release of ellagic acid from the textiles coated with zein particles was
analyzed using different mimetic biological solutions. The fastness to
washing and friction and the air permeability of the functionalized
textiles was evaluated according to standard procedures.
2. Experimental
2.1. Materials
As a matrix for the zein coating, a 100% bleached cotton textile
composed of 36 warp/35 weft yarns with a density of 47.3 g/m2 was
used. Zein and ellagic acid, were both purchased from MerckSigma,
Spain. The DC™ colorimetric kit was obtained from BioRad, Portugal.
All other reagents were used as supplied.
2.2. Characterization of functionalized cotton textiles with free zein
2.2.1. Textiles functionalization with free zein
Prior to functionalization, the cotton textiles were washed with a
solution of 0.1%, Lutensol AT 25, for 1 h at 50 °C, followed by rinsing
with deionized water and dried in oven at 40 °C.
For the development of hydrophobic cotton, the textiles were coated
with solutions of zein (10, 20 and 50 g/L) prepared in different con-
centrations of ethanol (70%, 80% and 90%). For this, the zein was
added to the ethanol and kept under stirring for 10min at 500 pm. The
coating of the cotton samples with the free zein was performed by
depletion, impregnation by dropwise addition and impregnation by
padding. No chemical reaction between the cellulosic structure of
cotton and zein was established being the textiles functionalization
based on adhesion mechanisms.
2.2.2. Water drop absorption test
The functionalized samples and the respective controls were tested
for their capacity to absorb water, using the water drop absorption
technique. A drop of water from a fixed height was dropped on the
textile and the time until total absorption was measured. Readings were
taken in triplicate and at different spots of each sample. The results
represent the mean of the measurements.
2.2.3. Contact angle measurement
The contact angle between water and the functionalized cotton
textiles was measured using the Dataphysics Instruments OCA 20
equipment equipped with Sca 20 software. Parameters like the droplet
volume (2 μL) and the rate of droplet release (1 μL/s) were fixed. The
image of the drop formed at the surface of the textiles was acquired
through a high-speed camera. The contact angle was measured in 5
different locations of each sample.
2.2.4. Thermogravimetric analysis (TGA)
Thermogravimetric studies were conducted in a TGA 4000 (Perkin
Elmer, Waltham, MA, USA) using a sample weight alumina crucible
of± 9mg. The temperature calibration was performed by Curie tem-
peratures of reference for Alumel, Nickel and Perkalloy at the same
sweep rate as the sample. The sample analysis were taken from 25 to
800 °C at 20 °C/min under a nitrogen atmosphere (Flow: 20mL/min).
The percentage of weight loss and its derivative were plotted against
temperature and data were acquired in Piris software.
2.2.5. Fourier-transform infrared spectroscopy (FTIR)
Infrared spectra of the cotton samples were obtained using 45 scan
cycles, between 400 and 4000 cm−1 with a resolution of 8 cm−1, in a
Shimadzu FTIR spectrometer IRAffinity-1S.
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2.2.6. Scanning electron microscopy (SEM)
The coating of the cotton samples was characterized using a
Phenom scanning electron microscope, Pro X (Phenom-World BV,
Netherlands). The samples were added to aluminum pins with carbon
electrically conductive tape (PELCO Tabs ™) and coated with 2 nm gold
(Au) to improve conductivity.
2.2.7. Tensile strength
Tensile strength tests were performed according to the method of
ASTM D5035 strip using a Hounsfield dynamometer H100KS Model.
The load range applied was 500 N, with 2 N preload, 50 mm extension
range, 100mm length and 100mm/min. The test pieces were with size
of 20×5 cm, respecting the orientation of the fibers (web direction and
weft direction). For each test, 10 specimens were tested, and the data
were converted to stress (load/unit area) vs. strain (% extension).
2.2.8. Rubbing fastness
The wet and dry friction fastness tests were performed following the
ISO 105 – X12: 2016, using a Crockmeter equipment. Each sample was
rubbed against a control tissue (cotton) for ten cycles. The assay was
repeated for each sample three times. The results were evaluated
through the greyscale on a light chamber (D65).
2.2.9. Washing fastness
The washing fastness test was performed according to the ISO 105-
C06: 2010. The assay was performed in a Rotawash machine using
stainless steel containers with 50 stainless steel balls mixed with the
samples. The washing was performed for 40min at 50 °C, afterwards
the samples were placed in an oven at 50 °C for 2 h until completely dry.
The results were evaluated by greyscale on a light chamber (D65).
2.2.10. Air permeability
The air permeability of the functionalized cotton samples was per-
formed using the standard procedure NP EN ISO 9237. The samples
with 20 cm2 were prepared and a vapor pressure 100 Pa was applied.
All the tests were repeated 10 times for each sample.
2.3. Characterization of functionalized cotton textiles with zein particles
2.3.1. Production of zein particles
Prior to particles preparation, 10 g/L zein solution was prepared in
two ethanol concentrations (70 and 80%). The particles were prepared
by adding the zein solution (10mL) to a defined volume of water
(10mL). The particles containing the antimicrobial agent were pre-
pared by adding a solution of ellagic acid (1mg/mL), prepared in
ethanol (70 and 80%), to a 10 g/L zein solution, also prepared in
ethanol (70 and 80%). To promote the formation of the particles and
the encapsulation of the ellagic acid, the prepared solution containing
zein and ellagic acid was added to water (zein:water ratio of 1:1).
2.3.2. Evaluation of zein particles formation efficiency
The efficiency of particles formation was measured by separating
the free protein from the formed particles using 100 kDa centrifugation
Amicon tubes. The free protein was quantified by DC™ colorimetric
method (detergent compatible). A calibration curve was performed
with BSA standard solutions (0.05 mg/mL - 2mg/mL) and the absor-
bance of the samples was measured at 750 nm.
2.3.3. Efficiency of ellagic acid encapsulation
The efficiency of ellagic acid encapsulation was evaluated by se-
paration of the free compound using a PD-10, SephadexTM G-25
column. The quantification of the free ellagic acid was made by
UV–Visible spectroscopy (λ=370 nm).
2.3.4. Stability of zein particles
The stability of the zein particles along storage was followed by the
evaluation of the particles size, surface charge and polydispersion index
(PDI), using the DLS - dynamic light scattering method (Zetasizer,
Malvern Instruments, Nano-ZS). The physico-chemical stability of the
particles was performed weekly up to 12weeks of storage at 4 °C.
2.3.5. Textiles functionalization with zein particles
Prior to functionalization, the cotton textiles were washed with a
solution of 0.1%, Lutensol AT 25, for 1 h at 50 °C, followed by rinsing
with deionized water and dried in oven at 40 °C. To develop anti-
microbial surfaces, the cotton textiles were coated with zein particles
(5 mg/mL) by padding. No chemical reaction between the cellulosic
structure of cotton and zein was established being the textiles functio-
nalization based on adhesion mechanisms.
2.3.6. Ellagic acid controlled release
The release of ellagic acid from the zein particles was evaluated
using dialysis membranes of 1 kDa cut-off. The functionalized textiles
(1*1 cm) were placed inside dialysis membranes against conditions of
internal/external media: i) alkaline sweat solution (pH 8)/water; ii)
acidic sweat solution (pH 5)/water; iii) alkaline sweat solution (pH 8)/
micellar solution; iv) acidic sweat solution (pH 5)/micellar solution and
v) water/water. During release studies the dialysis membranes were
placed at 37 °C under 60 rpm. The absorbance of the external releasing
solutions was measured by UV/Vis spectroscopy (λ=370 nm) at dif-
ferent time-points (1 h; 2 h; 4 h; 6 h; 8 h; 24 h, 48 h and 72 h).
The alkaline and the acidic sweat solution were prepared according
to the procedures described in NP EN ISO 105 E04: 1997 and the mi-
cellar solution was prepared with sodium lauryl sulfate (16mM).
2.3.7. Antimicrobial activity of functionalized textiles
The antimicrobial activity of zein-functionalized cotton textiles was
evaluated against Gram-positive, Staphylococcus aureus strain (S. aureus;
ATCC 6538) and Gram-negative, Escherichia coli strain (E. coli; CECT
434), using the quantitative method based on the AATCC 100 2004
standard. The textile samples were previously sterilized under UV for
30min. Each strain was incubated with TSB inoculum (Triptych broth
of soybean) for 24 h at 37 °C. The bacterial concentration was adjusted
with TSB to 1× 106 cells/ml. Then 4mL of diluted inoculum was
placed in contact with each square textile (0.5× 0.5 cm) and incubated
for 24 h at 37 °C. Afterwards, 10mL of 0.1 M PBS was added to the
samples and homogenized in the vortex. The number of living bacteria
was determined by serial counting of the dilution plates. TSA agar
plates (Tryptic Soy Agar) were incubated for 24 h at 37 °C and the total
of CFUs was quantified. All tests were performed in duplicate and re-
peated three times.
2.3.8. Thermogravimetric analysis (TGA)
Thermogravimetric studies were conducted as described in 2.2.4.
2.3.9. Fourier-transform infrared spectroscopy (FTIR)
Infrared spectra of the cotton samples were performed as described
in 2.2.5.
2.3.10. Scanning electron microscopy (SEM)
The coating of the cotton samples was characterized as described in
2.2.6.
2.3.11. Rubbing fastness
The wet and dry friction fastness tests were performed following the
ISO 105 – X12: 2016, as described in 2.2.8.
2.3.12. Washing fastness
The washing fastness test was performed according to the ISO 105-
C06: 2010 as described in 2.2.9.
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2.3.13. Air permeability
The air permeability of the functionalized cotton samples was per-
formed as described in 2.2.10.
2.4. Statistical analysis
The data is presented as average standard deviation (SD), n=3.
Statistical comparisons were performed by one-way ANOVA with
GraphPad Prism 8.0 software (La Jolla, CA, USA). Tukey's post-hoc test
was used to compare all the results between them, and a Dunnet's test
was used to compare the results with a specific control. A p-value< .05
was considered to be statistically significant.
3. Results and discussion
3.1. Cotton textiles hydrophobization
3.1.1. Water absorption and contact angle
In this work, we used an eco-friendly approach, based on interac-
tion/adhesion forces, to functionalize cotton textiles with zein. After
functionalization, the degree of hydrophobization was evaluated by
measuring the time of water drop absorption and the contact angle. The
results of time of water absorption (Fig. 1) reveal that all the tested
conditions impart hydrophobicity to the cotton textiles. The degree of
hydrophobization was dependent on the zein concentration and appli-
cation method, with the best results obtained for 50 g/L of zein, pre-
pared with 70% ethanol, applied on cotton by padding. The results also
revealed that the ethanol also played an important role on the final
hydrophobization of cotton. It was observed that as the percentage of
ethanol increased, the time of water drop absorption decreased. This is
mainly related with the low affinity of the protein to water. As the
ethanol content of solvent increased from 70% to 90%, the aggregation
of zein molecules decreased [28]. The aggregation behavior of zein at
70% of ethanol leads to a greater deposition of the protein at the cotton
textile surface, resulting in a hydrophobic thicker film. The variation of
the results (apparent increase of the time of water drop absorption with
the increase of alcohol content) observed for the samples functionalized
with 10 g/L and 20 g/L of zein applied on cotton by padding, are most
likely related with the pattern of zein deposition, which was not uni-
form for these samples (data not shown). These samples presented areas
with zein strongly deposited and areas with a lower deposition of the
protein, which might explain the variations observed in Fig. 1. As
control it were used only washed cotton textiles which absorbed im-
mediately the water drop (data not shown). Fig. 2 reveal the effect of
the protein deposition, after functionalization by padding. The samples
coated with 50 g/L zein prepared with the lowest ethanol concentration
(70%) (Fig. 2B) present the highest degree of modification highlighted
by the yellow coloration.
The textiles' hydrophobicity was also confirmed by the analysis of
the contact angle between the water and the functionalized surfaces
(Fig. 3 and Table SI). All the samples presented hydrophobic character
at time zero (water contact angle equal or greater than 90°) [39].
However, some differences were observed between the samples for this
time, with an increase on the initial contact angle with the increase of
the ethanol content. These differences could be related with the amount
of protein adhered to the textile, the uniformity of the deposition pat-
tern and with potential structures formed by the zein when dissolved in
higher ethanol concentrations. Yet, after 180 s of measurement, only
the samples functionalized with 50 g/L of zein prepared with 70%
ethanol and applied by padding, revealed a high contact angle (Fig. 3).
Other works involving the study of the hydrophobicity of zein-based
materials already refer to contact angles of this degree of magnitude
[40,41].
Due to the low hydrophobic character of the samples functionalized
with zein concentrations lower than 50 g/L, and of the sample func-
tionalized with 50 g/L zein/90% ethanol/padding (Fig. 1 and Fig. 3),
only the samples functionalized with 50 g/L of zein prepared with 70%
or 80% ethanol applied by padding, were considered for further char-
acterization.
3.1.2. Thermogravimetric analysis (TGA)
The thermogravimetric behavior of functionalized cotton samples
was evaluated and presented in terms of mass loss (Table SII and Fig.
SI). The textiles coated with zein displayed a thermogravimetric profile
similar to the control (washed cotton sample), however presenting
different weight losses at around 400 °C and 800 °C. While the control
sample loses almost all the weight around 400 °C, the functionalized
textiles still maintain 30% of the original weight. At 800 °C the samples
revealed a residual amount of the initial material, which was higher for
the samples functionalized with the zein protein. The differences in the
values of mass loss and residual weight were directly related to the
presence of the zein at the textiles' surface.
3.1.3. FTIR
The functionalization of the cotton textiles with zein was analyzed
by FTIR (Fig. 4). The spectra of the control textile showed the presence
of the characteristic cotton peaks, OeH vibration at 3310 cm−1, CeH
vibration at 2916 cm−1 and C-O-C vibration at 1034 cm−1 [42]. The
functionalized samples revealed identical profiles, except with the ap-
pearance of two peaks corresponding to the Amide I and Amide II at ≈
1656 cm−1 (C]O stretching) and at ≈ 1543 cm −1 (CeN stretching
and NeH bending) [42,43], respectively. These peaks confirm the
presence of zein at the textiles' surface.
3.1.4. SEM
The surface morphology of the cotton samples was evaluated using
scanning electronic microscopy (SEM). The non-functionalized cotton
textiles (control) presented a smooth and uniform surface (Fig. 5A),
while the textiles functionalized with zein showed a less homogeneous
and rougher morphology, indicating the presence of the protein at the
fiber's surface (Fig. 5B and C). The SEM images also suggest that zein
tends to create a thin layer, filling the empty spaces between the fibers,
leading to a more cohesive textile structure. This might impart a hy-
drophobic character to the coated textiles.
3.1.5. Tensile strength
The mechanical properties (breaking strength and stretching) were
evaluated and the data revealed a different behavior between the warp
and the weft yarns. When a force is exerted along with the warp, the
cohesive forces allow the textile to resist to higher mechanical stress.
The weft presents higher elasticity, resulting in greater elongation and
lower breaking strength [44]. From the results obtained (Fig. 6), it
seems that the coating with zein ([50 g/L]; 70% ethanol) contributed toFig. 1. Time of water drop absorption of zein-functionalized cotton textiles.
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a better mechanical performance of the warp, in terms of breaking
strength, comparing with the control and the samples coated with zein
([50 g/L]; 80% ethanol). The improvement of the breaking strength of
the warp was accompanied by a decrease of the elongation resulting
from the stronger cohesive forces between the fibers. The fiber
shrinkage and the increase in fabric density could be responsible for this
improvement.
The lower mechanical performance of the weft yarns after functio-
nalization, especially of samples coated with [50 g/L]; 70% ethanol,
might be attributed to the higher inter-fibers friction resistance
resulting from zein deposition, which hindered the elongation behavior
of the yarns, decreasing therefore their breaking strength. The interyarn
and interfiber spaces were filled with the zein coating which rigidified
the spacer fabric and decreased its elasticity. Moreover, the weft yarns,
generally less resistant to mechanical stress and with less density than
warp yarns, seem to be more easily disturbed by the coating effects
revealing lower mechanical performance.
3.2. Zein particles
Cotton textiles were functionalized by padding with zein particles
encapsulating ellagic acid. To evaluate the antimicrobial activity of the
ellagic acid, samples functionalized with empty zein particles were used
as controls. The composition of the final zein particles was 5mg/mL
zein containing 0.5 mg/mL of ellagic acid, in ethanol (35 or 40%).
3.2.1. Characterization and stability of zein nanoparticles
The physio-chemical characterization reveals particles with size
diameter between 380 and 450 nm with a positive surface charge
(Fig. 7). One can observe that the percentage of ethanol during pre-
paration seems to influence greatly the size of the particles, leading to
higher diameters when prepared with 80% ethanol (final concentration:
40%) (Fig. 7A). This makes possible to control the characteristics of the
particles depending on the final application. However, no influence of
ethanol concentration was observed for the surface charge (Fig. 7B). It
is noteworthy that the positive charge of the particles might improve
the adhesion of the particles to the slight negative cotton surface [45].
The zein particles remain stable along time regarding size, however
surface charge variations were detected during storage. Moreover, its
encapsulation efficiency, showed at 3.2.2, reveals that this particle
system is appropriate to incorporate active compounds.
3.2.2. Encapsulation efficiency
The efficiency of encapsulation was evaluated spectro-
photometrically at 370 nm. As for the size of the particles, the con-
centration of ethanol during preparation also influenced the amount of
ellagic acid encapsulated. The encapsulation of ellagic acid was 94.79%
and 74.79%, for zein particles with a final ethanol concentration of 35%
and 40%, respectively.
3.2.3. Controlled release of ellagic acid from functionalized textiles
The potential of zein-based particles for the controlled release of
active compounds was tested (Fig. 8). The controlled release of ellagic
acid from the zein particles at the textiles' surface was studied using
different internal medium (acid and basic sweat solution, and water)
and two external media (water and micellar solution pH 5.5). The
conditioning media was chosen to mimic the release of the compound
during perspiration, and the micellar solution was used to simulate or
mimic, not only the pH value of the skin [46], but also the membra-
nous/aqueous environment encountered in the interlamellar regions of
the stratum corneum, that constitutes one of the most important barriers
for compounds permeation [47]. Although all the tested conditions
induced the release of ellagic acid in a controlled manner, the final
Fig. 2. Photographs of coated cotton textiles: control A), 50 g/L zein prepared in 70% EtOH B), 50 g/L zein prepared in 80% EtOH C) and 50 g/L zein prepared in
90% EtOH D).
Fig. 3. Water drop contact angle of the functionalized surfaces measured be-
tween 0 s and 180 s.
Fig. 4. FTIR spectra of cotton textiles functionalized with [zein]= 50 g/L in
ethanol concentrations of 70% and 80%. The control corresponds to the sample
cotton textile without zein.
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concentration of the compound, at the end of 72 h, was lower than 90%
of the encapsulated concentration.
The release profile of ellagic acid was dependent on the ethanol
concentration used during particles preparation, on the sweat solution
pH and on the external media used during dialysis (water vs micellar
solution). Zein particles containing 35% ethanol released approxi-
mately 2-fold more ellagic acid than particles containing 40% ethanol.
The internal alkaline sweat solution induced a higher release of the
compound, when compared with the acid one. Zein's secondary struc-
ture is strongly affected by pH, above 6.8 all protein adopts alpha helix
rearrangement resulting in higher compound release [48]. The micellar
solution revealed to be a better external medium for ellagic acid release
than water, which might be related with zein's high hydrophobicity,
that enhances a protein structure rearrangement leading to a decrease
of the release kinetics, when particles are in contact with water [49].
3.2.4. Thermogravimetric analysis
The thermogravimetric analysis of functionalized samples was un-
dertaken to infer the influence of the zein particles coating on the
thermal stability of the cotton textiles.
Fig. SII and Table SIII show the thermogravimetric analysis of the
cotton samples coated with zein particles (with and without ellagic
acid). The textiles with zein displayed a thermogravimetric profile si-
milar to the control (washed cotton sample). However, at 800 °C, the
samples coated with the zein particles (with and without ellagic acid)
presented higher residual weight. Comparing with the previous results
obtained for the textiles coated with free zein (50 g/L), it was observed
a higher mass loss at 400 °C and a lower residual mass, related with the
amount of zein applied (5 g/L).
3.2.5. SEM
The surface morphology of the cotton samples functionalized with
zein particles was evaluated using scanning electronic microscopy
(SEM) (Fig. 9). The non-functionalized cotton textiles (control) pre-
sented a smooth and uniform surface (Fig. 9A), while the functionalized
textiles showed the presence of particle aggregates and the formation of
a zein film, pointed out by arrows (Fig. 9B-D). The presence of the el-
lagic acid, encapsulated in the zein particles, did not affected the par-
ticles' deposition pattern (Fig. 9C – 35%EtOH, and Fig. 9D – 40%EtOH),
since no significant differences were observed when comparing with
the cotton functionalized with particles without ellagic acid (Fig. 9B).
3.2.6. Antimicrobial activity
The quantitative method was chosen to explore the antimicrobial
activity of the coated textiles since, due to diffusion constrains, no de-
fined halo was possible to obtain when the qualitative method was
tried. According to the requirements of the standard procedures, anti-
bacterial activities of the front and back sides of the studied materials
Fig. 5. SEM images with an amplification magnitude of 1150×, of control cotton A), functionalized textiles with [zein]= 50 g/L (70%EtOH) B) and with
[zein]= 50 g/L (80%EtOH) C). The arrows highlight the coating with zein in the fibers and interfiber spaces.
Fig. 6. Breaking strength and stretching of functionalized cotton textiles by padding with zein [50 g/L] at 70% and 80% ethanol. The control corresponds to the
cotton textile without protein functionalization.
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should to be determined. However only marginal differences between
the growth on both sides of coated fabrics were observed by quantita-
tive method against Gram-positive (S. aureus) and Gram-negative
(E.coli).
The ability of ellagic acid to confer antimicrobial activity to cotton
textiles when encapsulated in zein particles was thus evaluated by using
the quantitative method (Fig. 10 and Fig. SIII). For this, the activity of
samples functionalized with zein particles with and without ellagic acid
was tested in E. coli (Gram-negative) and in S. aureus (Gram-positive).
Analyzing the results (Fig. 10A and B), there was an antimicrobial effect
of the textiles functionalized with zein particles containing ellagic acid
against E. coli and S. aureus. Regarding the results obtained for E. coli,
we can also conclude that the antimicrobial effect was mainly attrib-
uted to the presence of zein, which, due to its intrinsic characteristics,
impart antimicrobial activity to the textiles. In this study we used
yellow zein, rich in carotenoids particularly lutein and zeaxanthin [50],
which are described to have some antimicrobial activity [51]. Although
their direct antibacterial mechanism is still not completely understood,
it can be related with the ability of lutein and zeaxanthin to easily insert
into biological membranes and to increase the rigidity of lipidic bilayers
[52]. Recent studies also reported the ability of lutein to interact with
four proteins - LasI, LasR, RhlI and RhlR, involved in the quorum sen-
sing mechanism during biofilm formation [51].
The effect against S. aureus was considerably lower, however the
presence of ellagic acid in the particles, prepared with 35% of ethanol,
showed statistical significance most likely related with its release from
the particles. Ellagic acid has been described as presenting anti-
microbial activity against H. pylori [53] and S. paratyphi [54]. Its an-
timicrobial activity is attribute to the effect on the membrane perme-
ability and cellular metabolism [54]. An increase on the effect of ellagic
acid could be attained by incubating the bacterial inoculum for longer
time with the functionalized textiles, allowing a higher release of ellagic
Fig. 7. A) Stability characterization of zein particles during storage at 4 °C. The data represents the mean ± SD of the Z-Average and PDI, for 12 weeks. B) Surface
charge (ζ-Potential (mV)) of zein particles. The data represents the mean ± SD for 12 weeks.
Fig. 8. Cumulative controlled release profiles of ellagic acid encapsulated in zein Particles with 35% ( ) and 40% ( ) of ethanol, under different conditions. A)
Particles of zein with ellagic acid in alkaline (grey) and acid (dark grey) media against water; B) particles of zein with ellagic acid in alkaline (grey) and acid (dark
grey) media against micellar solution.
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acid from the zein particles.
The antibacterial effect of the cotton fabrics functionalized with the
zein particles, with and without ellagic acid, observed for E. coli was
similar to the effect described for other antimicrobial textiles developed
[55–61]. However, for S. aureus the antibacterial effect presented by the
textiles was lower when compared to the values reported in other works
[62].
3.3. Washing and friction fastness of functionalized cotton textiles
Any coating made on the surface of textiles to be commercially
accepted, must present an acceptable fastness to washing and friction.
In order to assess the strength of the coating performed (free zein and
zein particles), two tests were performed, namely fastness to rubbing
and to domestic washing. The results obtained (Table 1) show that the
functionalized samples presented high fastness to rubbing and domestic
washing (4–5). The application of this protein, in free form or as par-
ticles, has the potential to develop hydrophobic and antimicrobial
coatings, without compromising the material properties, making zein
suitable for an eco-friendly industrial application.
Fig. 9. SEM microphotographs of functionalized cotton textiles (magnification: 5600×); A) control (washed cotton textile); B) zein particles without ellagic acid; C)
zein particles with ellagic acid (35%EtOH) and D) zein particles with ellagic acid (40%EtOH).
Fig. 10. Antimicrobial activity of functionalized cotton textiles by zein particles (ZP) and zein particles with ellagic acid (ZP-EA) in 35% and 40% of ethanol solution
in Escherichia coli (A) and Staphylococcus aureus (B). The results were compared to the control cotton sample (****= P < .0001; ***= P≤ .001; * P≤ .05).
J. Gonçalves, et al. Reactive and Functional Polymers 154 (2020) 104664
8
3.4. Air permeability of functionalized cotton textiles
Air permeability is usually defined as the amount of air flow passed
through a specific area of a textile. Since this parameter greatly influ-
ences the thermal comfort properties of a textile, the ability to be
permeable to the air might affect the wearability of a given textile
product [63]. The effect of zein coatings, in the free form or as particles,
on the air permeability of the functionalized cotton textiles was eval-
uated (Table 2). The results obtained show that the functionalized
textiles present lower air permeability than the non-functionalized
cotton (control). Despite the lower permeability presented by the
functionalized textiles, the decrease was not significant, with percen-
tages of reduction between 2% and 9%. The decrease observed is not
considered sufficient to disturb or reduce the wearability of a final
product produced using these textiles. The lower air permeability of the
functionalized textiles also confirmed the presence of the zein at the
cotton textile surfaces.
4. Conclusions
We successfully developed hydrophobic and antimicrobial cotton
textiles by coating with zein applied in the free form or as particles
encapsulating the antimicrobial compound, ellagic acid. The highest
hydrophobicity was achieved when coating the cotton textiles with
50 g/L zein prepared in 70% ethanol. The samples coated in these
conditions presented contact angles equal or greater than 90° and im-
proved mechanical properties.
The controlled release of ellagic acid from textiles coated with zein
particles was tested against different mimetic biologic solutions. The
release profile was dependent on the ethanol concentration used during
particles preparation, on the sweat solution pH and on the external
media used during dialysis (water vs micellar solution).
The textiles coated with zein particles containing ellagic acid re-
vealed antimicrobial activity against E. coli and S. aureus. For the Gram-
negative bacteria, E. coli, the inhibitory action was related with the
action of zein protein, whereas for the Gram positive, S. aureus, there
was a combined effect of both protein and ellagic acid. The findings
support the application of zein for the development of functionalized
textiles for high-added value specialized textiles.
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